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Abstract. A sample of 229 nearby thick disk stars has been used to igaéstthe existence of an age-metallicity relation
(AMR) in the Galactic thick disk. The results indicate thiaat there is indeed an age-metallicity relation presenténthick
disk. By dividing the stellar sample into sub-groups, sated by 0.1 dex in metallicity, we show that the median ageadses

by about 5-7 Gyr when going from [A¢] ~ —0.8 to [FgH] ~ —0.1. Combining our results with our newly published
element trends for a local sample of thick disk stars, thatvséignatures from supernovae type la (SN 1a), we can here dra
the conclusion that the time-scale for the peak of the SNtiiszof the order 3—4 Gyr in the thick disk. The tentative evick

for a thick disk AMR that we present here also has implicatifar the thick disk formation scenario; star-formation irhesve
been an ongoing process for several billion years. Thisrteéu discussed here and appear to strengthen the hypothasthe
thick disk originates from a merger event with a companidaxgathat pudfed up a pre-existing thin disk.

Key words. (Stars:) Hertzsprung-Russell (HR) and C-M diagrams — Skamematics — Galaxy: disk — Galaxy: kinematics
and dynamics — (Galaxy:) solar neighbourhood — Galaxy: &tion
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g 1. Introduction an artificial age-metallicity relation can be created (dusrt

< . : . . . Figs. 13 and 14).
c Chemical evolution of stellar populations is an importaattp

of any model of galaxy formation and evolution. Many studies Gilmore & Reid [IJ5B) showed that our galaxy is host to
y 9 y ' y twq kinematically distinct disk structures. The “new” dislas

1 In the past decades show how we are able to further refine%n bed the thick disk and found to h wallicit
O constrain models of Galactic chemical evolution by congni ubbedine thick disk andwas found fo have a mean metafiicity
around—-0.6 dex (Wyse & Gilmore_1995) and a scale-height

+= kinematics and elemental abundances of local dwarf stags (€ , ] :
% Chiappini et all”2003; Matteuclci 2001; Edvardsson et al319 rfeSSh?r:ld?ng ﬁ;;i‘%?:ﬁﬁ;aﬁgim;cgé’uggeln d;gz? dW;”e
. = Feltzing & Gustafsson 1998; Feltzing et lal._2003a; Bensby et y .

= al.[2003; Reddy et al_20D3). As evidenced by the cited ar%(-:ale height of 100-300 pc (e.g. Gilmore & Reid 1983; Robin

- — : . S . et al.[1996). Recent studies have shown that stars selexrted t
cles our understanding of chemical evolution is mainly einiv

S : bﬁlong to either the thin or the thick disk shovitdrent trends
. by the studies in the solar neighbourhood but have far reach” = lemental abundances (e.9. FUhrmianni1998: Febting
ing impact for our interpretation of integrated light frorther al. PO03k: Bensby et 12003 éénsb Jere= ,,004'_ Reddy et
galaxies (e.g. Matteucci2001). ' 2 y et al. ' y —au4, y

However. it is not only the elemental abundances and kin%l' 2003; Prochaska et al._2000; Mashonkina & Gehreni2001).
’ y The question then arises: could it be so that the lack of a

matics of the stars that are of importance when we want t

further improve the models of galaxy formation and evollmtioré)lfr’lt'on be‘Wee'.“ ages and metalhgtles for stars in tharsol
hbourhood is in fact a populatioffect? That is, are we

but also the ages of the stars (see e.g. Edvardssonet al. 1 §:

Raiteri et al[ 1996; Pilyugin & Edmunds 1996; Berczik 1099) ooking at a mixture of stars from (at least) wo populations

. . that have dierent chemical enrichment histories?
Many studies have found there to be a clear relation be-

tween the ages and the metallicities of the solar neighbour- It thus appears natqral FO’ yetagain, r§V|S|t the question o
hood disk stars (Twarag 1980a. 19B0b; Rocha-Pintoletal 208" age-metallicity relation n the solar nelghbogrhoodthe ,
Meusinger et all_1991). In contrast to this Edvardsson %tydy presented here we \_N!”. address the questlon_of acra!an
al. (1993) found no particular evidence for an age-metgllic etween ages and metaII|c_|t|es _for stars that are kineatfic
relation in the Galactic disk in the solar neighbourhood aﬁr?leded to resgmble the thick disk closgly. )
Feltzing et al. [[2001) confirmed this. Feltzing et al (2001?1 The paper is organized as follows: in Sédt. 2 we describe
also showed how dangerous selectiieets could be and how the Stellar sample and the kinematical selection critetéaia-
vestigates if there are potential biases present in thelsainp
Send offprint requests to: Thomas Bensby Sect[B we describe the choice @enhancement used in the

* Based on data obtained with the Hipparcos satellite isochrones when deriving the stellar ages. In $8ct. 4 wealeri
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Table 1. Characteristic velocity dispersions(, oy, andow) T T T T T T
in the thin disk, thick disk, and stellar halo, used in Eg. &) ‘ ‘ ‘ ‘ ‘ ‘
is the observed fraction of stars for the populations in tiars - L }—[Xj—< 1
neighbourhood anWasym is the asymmetric drift (values taken | o [Xj L
from Bensby et al._ 2003 and Bensby et al. submitted). [ ‘

X oy Oy Ow Vasym M
- [km s7Y]

Thin disk (D) 0.90 35 20 16 -15 ' f ' f '

[
Thick disk (TD) ~ 0.10 67 38 35 -46 . Y] .
Halo (H) 0.0015 160 90 90 -220

|

0.6

ages from stellar isochrone fitting and find that there is &ipos
ble age-metallicity relation present in the thick disk. ecs[® " p_v
we discuss the implications this tentative age-metaflicita-

tion have on the star-formation history of the thick disk the LA B e o e L S o o e o B o S
time-scale of SN la rate in the thick disk, and on our under-

standing of the origin and evolution of the thick disk. Figal ¢ | L ] S

in Sect[¥ we give a short summary. L }—E@—¢ B

2. Stellar sample

The stellar sample has been selected on purely kinematicaltst | \ [Xj J |
grounds (see also Bensby et [al.”2003; Bensby et al. submit- [ [X:‘I T

ted). We have assumed that the Galactic space veloditigg( o]
Vi sr, andW_sg) for the stellar populations in the solar neigh- | \ [Xj J |
bourhood all can be described by Gaussian distributions. Foy ’ ‘
each star (with its specific combination bf sgr, Vi sr, and F } X % 8
W_sR) it is then possible to calculate the probabilities that it Lo
belongs to either the thin dislo], thick disk (T D), or the halo —200 —~100 0 100 200
(H). These can then be used to, for each star, calculate the “rel Space Velocity [km s!]

ative probabilities"TD/D and TD/H. When doing this, the

fraction (normalization) of the three components in theasolFig. 1. Boxplots showing the distribution irB-V), My, U_sr,
neighbourhood must be taken into account. The final relatiovi sr, andW_sr for the full thick disk sample (295 stars, white

ship is (see Bensby et al. 2003): boxes) and the thick disk sample witivby photometry (229
) ) ) stars, gray boxes). In the boxplots the central vertical fep-
P=X.k- exp(_ULSR _ (Visr = Vasym _ WLSR] L resents the median value. The lower and upper quartiles are
203 202 203,) represented by the outer edges of the boxes, i.e. the box en-

closes 50 % of the sample. The notches (waists) indicate the

where 95 % confidence intervals for the median value. The whiskers
1 extend to the farthest data point that lies within 1.5 tintes t
k= )20y oy ow’ ©) inter-quartile distance. Those stars that do not fall waitthie

) ) ~_ reach of the whiskers are regarded as outliers and are marked
normalizes the expressiomy, oy, ow are the characteristic py solid circles. A common rule is that, samples for which the

velocity dispersionsVasym is the asymmetric drift; an& is  phoxplot notch intervals do not overlap are likely to béetient
the observed fraction of stars in the solar neighbourhood fg their distributions.

each population. The values for the velocity dispersion$ an

the asymmetric drifts are taken from Bensby etlal. (2003) and

the values for the normalizations in the solar neighboudnhoand 2 and it turns out that these stars show the typical thick

from Bensby et al. (submitted) (see also discussion belall). disk trends for the elemental abundances that the stars with

values are given in Tablé 1. TD/D > 10 showed. Thus it appears likely that we could use a
A TD/D ratio of 10 means that the star is ten times mog®mewhat lowelT D/D than 10 in order to increase our sample

likely to be a thick disk star than a thin disk star. For our-pr@f thick disk stars without compromising the results, bug se

vious studies of elemental abundances in the thick and tldiscussion in Sedfl 5.

disks we selected stars withD/D > 10 as thick disk stars The most uncertain parameter in the calculation of the

andTD/D < 0.1 as thin disk stars. In Bensby et al. {ZD03) wé& D/D ratios is the normalization of the number density of thick

also analyzed spectra of a few stars witb/D between 10 disk stars in the solar neighbourhoodfierent authors quote
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Fig. 2. The [Mg/Fe] trend for a sample of thick disk stars from
Bensby et al[(2003) (circles) and Bensby et al. (submitted) 6 L o N
angles). The stars were selected according to the same &inem L Y2 isochrones: 1, 5, 10, 15 Gyr
ical criteria as discussed in Sdgt. 2. The solid line indisdhe L . [Fe/H]=-0.7, [a/Fe]=+0.3
degree ofr-enhancement that we have used #iedéent [F¢H] L [Fe/H]=-0.7, [a/Fe]= 0
(SeeTablEIZ). 8111111111111111111111}1
0 0.2 0.4 0.6 0.8 1
B-V

different values: 2 % was found by Gilmore & Reid (1083) an'g_j_ 3 E le of h h t ch the stell
Chen[(1997)~ 6 % was found by Robin et al. (1996) and Buser'd: 2 =xampie of howe-enhancement changes the stefiar
ochrones. The plotted isochrones are tRd@6chrones from

t al. [1999); and- 15 % by Ch t al[{2001) and Soubi . i
era. L ); an o by ~nen et at. ) and Soubiran m et al. (Z00R) and Yi et al[{2001) and have ages/ifffeand

al. (2003). As there is no simple way to determine which is t enhancements as indicated. The area enclosed by the dotted
correct value we inspected colour-magnitude diagrams (EMP - . . . .
P g g & Pnes are the restrictions irB- V) andMy discussed in Sedi 2.

of the thin and thick disks, respectively, derived usingetent
normalizations for the solar neighbourhood thick disk cent
bution (see Bensby et al. submitted). From this inspectiontteir Fig. 2). We have also excluded stars that fall outdide t
is clear that a very low normalization (2 %) must be ruled ofillowing boundaries:B - V) < 0, (B-V) > 1, andMy < 0
since then the thin disk CMD showed a population that wgsee Fig[B).
identical in age and turnfbproperties to that of the thick disk  Selecting all stars in the Hipparcos catalogue that hawe rel
CMD. The other values of the normalization are, however, ne errors in their parallaxes less than 25 % (and not flagged
as easily distinguished. As a compromise we will use a n@jinaries or probable binaries), that have radial velcsitiab-
malization of 10% and @D/D > 2 andTD/H > 1 as our se- lished in the compilation by Barbier-Brossat et &l. {1994) w
lection criteria for thick disk stars. The other parametsugh get a sample of 12 600 stars. Adding our thick disk criteria
as the velocity dispersions, of course also influenceltb@¢D (TD/D > 2 andTD/H > 1) and the restrictions irB(- V) and
ratios. They are however better known. My given above, we get a sample of 295 stars that are likely to
That the resulting samples are well defined regardlesshaflong to the Galactic thick disk.
the normalization can be understood through the following Estimates of [F#H] for the stars can be derived using
argument. All stars withfTD/D > 2, using a 10 % normal- calibrations of Stromgren photometry (compare Feltzing e
ization, will for all normalizations lower than 10 % still W& al.[2001). However, not all the stars in the Hipparcos catado
TD/D > 1. This means that if we select stars witD/D > 2 have published Stromgren photometry. 229 out of the 2@k thi
(109% normalization) as our thick disk stars they would alstisk stars have Stromgren photometry from the compilatipn
be selected as thick disk stars using any of the normalizaiticHauck & Mermilliod (1998).

listed in the literature. In the same way stars with/D < 0.6 We use the metallicities calculated for the catalogue used
(10 % normalization) would always be selected as thin disk in Feltzing & Holmberg[(2000) and Feltzing et d._(2001). In
respective of the value of the thick disk normalization. Fig. we compare the distributions o ¢ V) and My and

We will restrict the selection of the stellar sample to a cethe distributions of the space velocities for the full thitisk
tain area in theB — V)-My plane. The limits have been markedample (295 stars) and the thick disk sub-sample which has
in Fig.[d by the dotted lines. This area has been selectedroatallicities (229 stars).
the grounds that we do not want to include stars for which At a quick glance, the distributions of tiMy,, (B— V), and
age determinations are nearly impossible, which is the ttesethe U sg, V. sk, W sr Velocities do not seem to be appreciably
lower part of the main sequence where the isochrones are vaffected when the stars without Stromgren photometry are re-
crowded (i.e.My > 6). We also exclude stars that lie on thgected. We verify this by performing two-sample Kolmogorov
giant branch, since the metallicity calibrations are nditMar Smirnov (KS) tests. The probabilities that the distribotare
such stars (see Feltzing etfal. 2D01). In this region theurad identical is 99.4 % foMy, 89.7 % for 8 — V), and> 99.9 %
the stellar isochrones are also uncertain (see e.g. Yil208l, for all three velocities. This means that for all bt { V) the
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Fig.4. CMDs for the thick disk which show how the age distributionrieases to older ages as we move to lowefHeThe
isochrones are as indicated. We show ages from 20 to 1 Gyrangthp of 1 Gyr. The isochrones for 5, 10, 15, and 20 Gyrs are
indicated by solid lines.

distributions are essentially the same. FBrV) we have in- In the determination of stellar ages from isochrones with
spected the CMDs before and after adding the Stromgren plifferent [F¢H] we will use a-enhancements that are in con-
tometry. This inspection showed that there is no appreeialsbrdance with the the trend that has been outlined inFigd2 an
deterioration in the sampling of red, old stars. This makes is also listed in TablEl2. The Yonsei-Yaleq)¥set of isochrones
comfortable in believing that we do not introduce any of thgi et al.[20071; Kim et all_2002) provides a versatile toolcgn
biases discussed in Feltzing et A._(2001). they not only have published calculated sets of isochronges b
In summary we do not introduce any bias to our thick diskiSo an interpolator that enables the user to calculate afset
sample by only selecting those stars with published Stréemg isochrones with a specific [f¢] and [o/Fe].
photometry.

4. Age-metallicity relation in the thick disk

Figured shows three CMDs for stars with thick disk kinersatic
and [F¢H] derived from Stromgren photometry. Each CMD
Stars more metal-poor than the Sun have long been knowrig&entered at a derent metallicity; [FéH] = -0.7, 0.4, and
show enhanced levels of-elements (see e.g. Edvardsson et0.1, respectively. Stellar isochrones with relevant metiiis
al.[1993). In Bensby et al_{2003) and Bensby et al. (subdjitteanda-enhancements (see Ségt. 3) are also plotted.

we use the same kinematic definitions of thick disk stars as we A Visual inspection of these CMDs directly shows that
do here and we derive stellar abundances for a large numbelhgf turn-df for the CMD centered at0.1 dex is significantly
thin and thick disk stars spanning a range of metallicitins. younger than the turnbin the CMD centered at0.7 dex (see
Fig.[d we show the resulting [MEe] vs [FgH] trend for the Figs.[3a anfldc, respectively).

thick disk stars in those two papers. We now proceed to quantify this visual impression. The

As can be seen from Fi§l 2 the enhancement of [} s_tfflr_s are divided into 10 sub-samples accordi_ng to theialmet
varies with [F¢H] for the thick disk. At [F¢H] = 0.4 the en- licities. Each sub-sample has a ce_zntral met_aII|C|ty andtalls
hancement is- 0.3dex while at [FéH] =0 it has decreased +0.15dex around .thls value are included in the sub-sample.
to almost solar values. The thick disk stars in Mashonkirla'e central metallicity changes by 0.1 dex between each sub-
et al. [200B) show the same degree of Mg enhancement, $@7Ple. In this way we create a sliding metallicity binniog f
[Mg/Fe]~ 0.3-0.4 for metallicities below [F&f] = —0.4. (Note the age determinations, i.e. the sub-samples are not indepe
that thea-element abundance often is defined as the averag@'@f‘t- ) _ )
the Mg, Si, Ca, and Ti abundances, while in Hily. 2 we show Ages for each sub-sample were simply estimated in the fol-
Mg). lowing way:

It is important to know how much enhanced the stars are ir A set of theoretical isochrones were generated according to
thea-elements ag-enhancement has a stroneet on stellar the central metallicity and appropriateenhancement (see
evolutionary tracks, and hence on the stellar isochroraesite Sect[B).
want to use to determine the ages. A set of isochrones with The stars were plotted in the CMD together with the
ana-enhancement off/Fe]= 0.3 is compared to a set of solar-  isochrones (see examples in HIjy. 4).
scaled isochrones in Fig. 3. Thifext of takingz-enhancement — The plot was inspected and an age was estimated for each
into account is that ages will be lower than otherwise. star (within the restricted area marked out in Elg. 3).

3. Abundances of a-elements in the stars
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Table 2. Median ages and spreads for the sub-samples. The

first column gives the central metallicity, and the secondco ~ ~ [ "~ " " T T T T T T T T T T
umn thea-enhancement. Columns 3-6 give the follwoing for L }—'><j—¢ A
the samples selected withD/D > 2: the number of stars r 1
in the sub-sample, the lower quartile for the age distranyti ~ —0-8 [ o ’—DG—‘ ]
the median age, and the upper quartile for the age distoibuti I . D<:| i
Columns 7-10 give the same information but for the samples L 1
selected wittT D/D > 10. -0.6 - e D Al e
[FeH] [a/Fe] N Age (Gyr) N Age (Gyr) % L D :j ]
TD/D > 2 TD/D > 10 o4t — T —+ A
14 12 34 4 12 34 r 1
@
-0.90 +0.35 25 8.7 13.6 15919 115 140 16.6 + g
~0.80 +0.35 39 115 135 1631 125 135 160 021 - +—rof X }—— - =
-0.70 +0.35 61 115 13.2 16.247 11.8 13.6 165 i 1
~0.60 +0.35 65 11.1 13.0 15044 112 13.0 14.9 > ]
-0.50 +0.35 71 9.3 121 14.046 95 115 140 O; I:><j ;
-0.40 +0.30 58 8.7 11.7 13539 85 11.2 13.8 L ]
-0.30 +0.20 62 8.0 10.8 12.832 8.1 10.7 126 . TR TR S T S S N
-0.20 +0.15 60 7.4 9.5 10526 7.8 9.6 106 0 10 15 =0
-0.10 +0.10 56 55 7.7 9822 7.0 88 105 Age [Gyr]
0.00 +0.03 35 45 81 10114 65 9.7 105

Fig. 5. Age-metallicity diagram for the age estimates and cen-

tral metallicities listed in TablEl2 for the samples seldatéth

— The median age, lower, and upper quartiles where then cBD/D > 2. We use boxplots to illustrate the age distributions
culated for each sub-sample. within each sub-sample. For a description of box plots spe ca

. o ion of Fig.[.
The results are collected in Tablg@ 2. The individual steﬁl— io.00

lar ages are good estimates of the stars gigen the set

of isochrones. More sophisticated methods to derive stella
ages from isochrones exist (compare e.g. Ng & Beiftel[ 199%e distributions off D/D for the three CMDs in Figll4. As
Feltzing et al[2001; Pont & Eyér 2004; Rosenkilde Jargense@n be seen we are picking up more and more stars with low
et al. in prep.), However, the age estimates we make are vir-
tually identical to those from the more sophisticated metho

(e.g. Rosenkilde Jgrgensen who uses a method akin to Pont &
Eyer2004). Errors on derived ages though ardfadint matter =0
(Rosenkilde Jgrgensen private comm.). 15

The age estimates together with the central metallicitbes f
each bin can now be plotted together in an age-metallicity di 10
agram (see Fidll5). We see here clearly that indeed the tentra 5
ages keeps decreasing as the metallicity increases.

We believe that thehange in age with [F¢H] indeed is %
significant as we are using one set of isochrones and one sant: 15
ple of stars that have had their parameters determined in th&
same way. Thus we should not expect systematic errors beg
tween bins. Furthermore the decline is up to 5 billion years@ 5
from the most metal-poor to the most metal-rich bin. Such a2
large, and systematic, change would be hard to achieveghrou

T [ T T T T [ T T T

—0.25<[Fe/H]<0.05

LA R R R RN R

\H‘HH‘HH‘HH‘l\u‘\uﬂuuhux

an erroneous analysis. 15 F =

10 =

5. Thin disk — thick disk confusion? 5E =

In Fig.[ we see a strong decrease in the mean age forthe high- ot v 1+ 1 T Y R E R

est metallicities. Given that the thin disk dominates moré a 0 1 2 3 4
log TD/D

more as we go to higher metallicities the question arises: ar
we simply adding more and more of the younger thin disk stars
into our sample? Fig. 6. Histograms showing the distributions of th®/D ra-

There is in fact some hints in our data that we are pickiftps in three diferent metallicity ranges for all stars having
up thin disk stars in our most metal-rich bins. Figlie 6 showd?/D > 2 (same stars as in Figl. 4).
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TD/D ratios as we go to higher metallicities. The stars with
TD/D < 10 could be intervening thin disk stars.

Ideally, if the metallicity distribution functions for thisvo L }—DG—¢ i

disks were well known we could weight the probabilities we r 1

use to select the stars accordingly. -08 B C X ]
The metallicity distributions of the thin and thick disksge L . % J

at different metallicities (Wyse & Gilmorg_19B5). The thick L 1

disk appears to peak in the interval.7 < [Fe/H] < -0.5 -06 — - }—Dﬂ—< m
and the thin disk around0.2 dex. However, the two distri- _,

butions are not well constrained. Especially the distrdout N L D G |
for the thick disk truncates at [FE] ~ -0.2 in Wyse & é,

Gilmore [1995). We find that due to the shortcomings in our r 1
knowledge about the metallicity distribution functionstbe I >< 1
two disk populations it is not possible to use them to further _55, 1 . . >< , i
deconvolve the two populations. F 4

We will here try to address the issue of intervening thin disk ro ’—DG—‘ 1
stars in a dierent way. In Figl]7 we show the same CMDs as in oL D q ]
Fig.[ but with a stronger constraint @i /D, i.e. TD/D > 10,
and compare Fifll6. In this figure we see the same trend (albeit T
with fewer stars) as in the original CMDs, strengthening our 5 10 15 =0
earlier conclusion that there is an AMR present in the thick Age [Gyr]
disk. In Fig [3 we ghow the resulting AMR coqstructed in thEi 8. Same as Fidl5 but usifgd/D > 10 instead.
same way as in Fidl5. Note, however, in this new case weq
have as a furher precaution excluded all stars With > 5.4
in order to make sure that we have as good ages as possimlent. At higher [FgH] the a-enhancement starts to decline to-
Furthermore, the reader should note that very few starsrareveard solar values. This is typical for what happens whendong
the sub-giant branch, where the evolutionary timescalbasts lived low-mass stars starts to contribute to the chemicatln
and hence age determinations can be erroneous (see Pomeat through the explosion of SN la. The SN la mainly produce
Eyer[2004). As a further extreme test we have also inspectazh peak elements and none or only little of theslements
the CMDs where also all star wit, sg > -50kms? have which results in a lowering of thex[Fe] ratio (compare e.g.
been excluded. These CMDs clearly shows that the stars cEig- 8.6 in Pagel'1997).
tered on [F¢H] = —0.4 form in the mean a younger population  The time at which the decline starts is not only a function
that the stars centered around = -0.7. of the lifetime of SN la but also of the SN la rate. The exact

Thus we again find an AMR to be present in the thick disknodel, and hence lifetime for SN la, is still debated. The two
most probable scenarios are a double or a single degenerate
system consisting of either two white dwarfs or a white dwarf
and a red giant. In the latter case the life time is set by thiea ma
From a spectroscopist’s point of view there is now mountirggquence lifetime of the star that becomes the red giante whi
evidence that the stars that today have kinematics thatsee asn the first case the lifetime for the system prior to become su
ciate with the thick disk show elemental abundance trerdls tipernova is set by the time it takes the two white dwarfs taegpir
are distinct from those seen in stars on solar type orbits (thin and coalesce, and hence it depends on the initial separati
disk). A recent review can be found in NissEn(2003). Our ovand could be longer than the Hubble time. For a recent, in-
results have been published in Feltzing efal (Z003a, 2043h) depth discussion of these issues see Livio (2001). Furibierm
Bensby et al.[(Z008,20D4), see also Elg. 9. These obsemgatithe population synthesis of the SN la progenitors do, in gen-
appear to point to some sort of homogeneity in the chemieahl, not agree too well with the observed frequencies afipos
enrichment process that proceeded the formation of the sthle progenitor systems (see Livio 2001 and referencesitf)ere
that we today associate with the thick disk. This means that any interpretation of awiabundance trends

Our new result that there is a possible age-metallicity rax terms of a minimum timescale for the star formation period
lation in the thick disk, adds a further dimension. The rssulin the thick disk will be rather complex (see also Fig. 5.7 in
indicate that star formation continued up to 5 billion yeiars Matteuccl2001).
the population we identify as the thick disk. However, our investigation of the relation between ages,

The observational properties and a standard interpratatioetallicities, and elemental abundances for stars witicp
for the chemical evolution of the thick disk can be describeHick disk kinematics points to a conclusion that the SNla
in the following way; The abundance trends for the thick distate peaked after a few~3-4) billion years. We also note that
are well-defined and show largeenhancements at a constanthe observed abundance trends are tight, compare the oxygen
value for metallicities below [Fel] ~ —0.4. This is normally trends in Fig[PB, which should indicate that the gas must have
interpreted as that the star formation was intense and that mbeen rather well mixed throughout. This seems to indicate th
sive stars were the main contributors to the chemical enridche gas that the thick disk stars formed out of must have been

- T T T T [ T T T T [ T T T T [ T T T T [

6. Discussion
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Fig. 7. Same as Fidl]4 but usingD/D > 10 instead.

more well mixed at the time of star formation and abundance

0.6 - : ] trends would be possible.
Foe v 6 g ] Another possible scenario is a close encounter between the
0.4 A 4 oo, : B Milky Way and another galaxy. This scenario has been mod-
© o2k °© v og) e o E elled by Kroupal(2002) who shows that such an event would
> T &9 §O ] result in a kinematical heating of a pre-existing gaseosk di
= oL o R Y 7  and an increased star formation in this gas.
: 2R e ]
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_g2 [ 1 &
N x i ] 7. Summary
-1 -05 (Fe/H] 0 0.5 Using a sample of 229 kinematically selected thick disksstar
Fe/H

we have been able to probe the existence of an age-metallicit

relation in Galactic thick disk. Ages have been determimea i
nsistent way, using isochrones with the appropriatddenfe

Penhancement at fierent metallicities as indicated by recent

studies that use detailed abundance analysis. Althougdtehe

lar sample is rather small we believe it to be free from severe

biases that couldftect the results. From the investigation we

confined to a reasonably “small” physical volume in order féi'e able to draw three main conclusions:

the mixing to work diciently.
Simulations of galaxy formation indicate that we shoulciL

Fig. 9. Abundance trends for oxygen in the thin and thick dis
(Bensby et al_2004). Thin and thick disk stars are marked
open and filled symboals, respectively. Triangles are daitatpo
that have been gathered from Nissen etlal. (2002).

There is an age-metallicity relation present in the Galac

thick disk, indicating that it has had an ongoing star forma-
expect all or a large part of our galaxy to have been assem- tion for a time-period of up to 5 Gyr (this is model depen-
bled from smaller parts (e.g. Murali et AI._2002). The questi dent)

then arises — did these smaller b_uildiqg blocks forrr_1 stars 'F’E. The thick disk age-metallicity relation in combinatioithw
fore they merged into today's thick disk? If they did and if the abundance trends farelements in the thick disk, that

they were of diferent sizes, as one may imagine, then they show signatures from SN la, indicate that the time-scale for

would each form_ their own unique set of _el_e_mental abun- the peak of the SN la rate in the thick disk is of the order
dance trends which would depend on the initial mass func- 3-4Gyr
tion and the star formation rate in each individual buildin% The quite long star formation period in the thick disk

block. Then clearly we would not see any homogeneous ele- strengthens the hypothesis that the thick disk formed as a
mental abundance trends as has been found by several aUthorFesult of an ancient merger event between the Milky Way

(Fuhrmanr_1998; Mashonkina & Gehren2001; Prochaska et
al. [2000; Feltzing et al.200Ba). Of course, if these buddin
blocks were collected before they formed stars it might kee po  Studies of the thick disk using nearby stars will always be
sible to find abundance trends in today’s thick disk. Anqgthdye subject to uncertainties due to the overlapping velaaityd
and perhaps more likely possibility, is that what we today olnetallicity distributions of the thin and thick disk. At dices
serve as a thick disk originally was a thin disk that, afterihg well aboveZ ~ 1.5 kpc from the Galactic plane the thick disk
produced its stars, was fiad up (see e.g. Robin et al._1996is the dominant stellar population. Determining accurag¢at
Quinn et al[.1993). Such a scenario would allow the gas to ligities anda-abundances for a larger sample of dwarf stars at

and a companion galaxy.
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highZ would therefore enable accurate age determinations tRadchaska, J.X., Naumov, S.O., Carney, B.W., McWilliam, &.
would verify the existence (or non-existence) of the thicgkd Wolfe, A.M., 2000, ApJ, 120, 2513
AMR deduced from nearby stars. Quinn, P.J., Hernquist, L., & Fullagar, D.P., 1993, ApJ, 408
Raiteri, C.M., Villata, M., & Navarro, J.F., 1996, A&A, 31305
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